Abstract. We report an IR-IR double resonance study of the structural landscape present in the Na + (glucose) complex. Our experimental approach involves minimal modifications to a typical IR predissociation setup, and can be carried out via ion-dip or isomer-burning methods, providing additional flexibility to suit different experimental needs. In the current study, the single-laser IR predissociation spectrum of Na + (glucose), which clearly indicates contributions from multiple structures, was experimentally disentangled to reveal the presence of three α-conformers and five β-conformers. Comparisons with calculations show that these eight conformations correspond to the lowest energy gas-phase structures with distinctive Na + coordination.
Introduction

C
arbohydrates are ubiquitous in biology, and play a vital role in many biological functions, from energy storage to recognition processes. They are rich in structural variation due to the presence of numerous stereocenters as well as linkage diversity in polysaccharides. Mass spectrometry, with its high sensitivity and ability to analyze complex mixtures, has been applied to the characterization of carbohydrates [1] . Uncharged monosaccharides are usually brought into the gas phase by complexation with a metal ion. Such interactions between carbohydrates and ionic species have also recently been found to play a role in the transformation of biomass into chemical feedstock [2] [3] [4] . However, the diversity of metal ion binding sites adds to the overall structural richness. This isomeric complexity poses a distinct challenge for mass spectrometric techniques, requiring additional structural characterization tools. In a very recent study by Masellis et al. [5] , ion mobility separation and cryogenic vibrational predissociation spectroscopy were applied to glycans and the results showed that different isomers of glycans have unique vibrational signatures in the OH stretching region. However, the spectroscopy itself is still hampered by the presence of multiple isomers, which are not separated by ion mobility, leading to increased spectral congestion and difficulties in spectral interpretation. Here, we focus on the relatively simple mass-selected Na + (glucose) adducts and show that an IR-IR double-resonance scheme can be used to isolate the spectral signatures of individual saccharide conformations and metal ion binding sites.
As shown in Figure 1 , the pyranose form of D-glucose is characterized by five carbon stereocenters, with C(2) and C (5) being R, C(3), and C(4) being S, and the C(1) stereochemistry defining the α and β anomers. Mutarotation occurs via a ring opening transition state with a barrier of 90-110 kJ/mol in an aqueous environment, and the α:β equilibrium of 36:64 is reached on the order of hours in a room temperature solution [6] [7] [8] . Additional structural diversity involves numerous conformations resulting from rotations of the C(5)-C(6) and C-OH bonds, as well as the boat and chair conformations of the pyranose ring. Extensive density functional theory (DFT) calculations [9] [10] [11] [12] have shown that a very rich conformational landscape is expected, especially when coordinated with a metal ion.
Action spectroscopy has proven to be a powerful tool in providing detailed structural information on mass-selected ions [13] [14] [15] [16] [17] . When combined with electrospray ionization (ESI), it is especially well-suited for studying the structures of relatively large complexes found in biological and catalytic processes [18] [19] [20] [21] [22] [23] [24] [25] . Furthermore, the application of two-laser resonance schemes can be particularly useful in achieving conformationally specific spectroscopy. The most common two-laser approach uses a UV-UV or UV-IR double resonance scheme, taking advantage of the high sensitivity of a chromophore's electronic absorption to its immediate chemical environment [18, 19, 26, 27] . When the molecule under study does not possess a suitable chromophore, a more general IR-IR double resonance approach, in conjunction with messenger-tagged complexes, can be used [28] [29] [30] [31] [32] [33] [34] . In the current study, we employ an IR-IR double resonance approach to study the rich vibrational spectrum of the D 2 -tagged Na hydrogen-bond (H-bond) configuration, making vibrational spectroscopy in the OH stretching region potentially conformationally specific due to the sensitivity of the OH stretch frequency to H-bonding [35] [36] [37] . Our results revealed and characterized eight different conformers that significantly contribute to the overall spectrum, and showed that IR spectroscopy can be used to distinguish α/β anomers as well as the interaction motif of the sodium ion.
Experimental
The infrared predissociation spectra of Na + (glucose)(D 2 ) were acquired using a home-built instrument, described in detail previously [38] . Briefly, Na + (glucose) ions were formed by electrospray ionization of~1 mM aqueous solution of NaCl and α-D-glucose that was allowed to equilibrate for more than 24 h. The Na + (glucose) complexes were transferred through several differentially-pumped regions via a series of ion guides and biased apertures into a cryogenic 3D quadrupole ion trap held at 10 K by a closed-cycle helium refrigerator. A pulsed solenoid valve introduced a short burst (~1 ms) of buffer gas consisting of 10% D 2 in He into the ion trap to thermalize the trapped ions and form weakly bound D 2 tagged adducts.
The output of a Nd:YAG pumped tunable OPO/OPA laser (Laservision), referred to as Bpump laser^hereafter, was focused by a spherical mirror (F.L. = 30 cm) into the ion trap via a 2 mm hole in the middle rf electrode. The pump laser was fired 90 ms after the introduction of buffer gas and intersected all the trapped ions, allowing for resonant photofragmentation of Na + (glucose)(D 2 ) ions. The~90 ms window provided ample time for removal of the buffer gas from the trap volume prior to ion-laser interactions, ensuring no additional cooling and formation of D 2 -adducts was possible afterwards. A similar 2 mm hole on the opposite side of the ion trap allowed the exit of the pump laser beam. Careful laser alignment to minimize light scattering inside the ion trap was important to avoid nonresonant depletion of D 2 -adducts.
Approximately 5 ms after the laser pulse, all trapped ions were extracted from the ion trap into a time-of-flight mass spectrometer, where the remaining Na + (glucose)(D 2 ) adducts were isolated with a mass gate and intersected with the output of a second Nd:YAG pumped tunable OPO/OPA laser (Laservision), referred to as Bprobe laser^hereafter. A twostage reflectron was used as a secondary mass-selection stage to separate the Na + (glucose) photofragments produced by the probe laser from the parent Na + (glucose)(D 2 ) ions. The intensity of the probe laser photofragment was monitored on an MCP detector and recorded by a digital oscilloscope. A schematic depiction of our IR-IR setup is shown in Figure 2e .
Unlike previous IR-IR double resonance experiments [29, 30] , our approach does not require a third mass-selection stage or extensive modification to our one-laser IR photodissociation setup. The main limitation here is the possibility of the pump-laser photofragments overlapping in mass with the target of the probe laser. An obvious example in the present case would be a larger Na + (glucose)(D 2 ) n>1 cluster that may produce a Na + (glucose)(D 2 ) photofragment upon the absorption of a photon inside the ion trap. To avoid this problem, the ion trap buffer gas pressure was optimized for the formation of Na + (glucose)(D 2 ) while minimizing larger Na + (glucose)(D 2 ) n>1 clusters to less than 10%. Our IR-IR double resonance scheme provides two means of obtaining structure-specific IR spectra, as shown in Figure 2a d. Note that in all situations, the photofragment from the probe laser is the monitored signal. Figure 2a presents a normalized 15-scan averaged IR predissociation spectrum of Na + (glucose)(D 2 ), obtained using only the probe laser and monitoring the formation of the Na + (glucose) photofragment as a function of wavelength. The first IR-IR method uses a pump-probe ion-dip scheme similar to previously reported IR-IR studies [28] [29] [30] . In this method, the probe laser is fixed to a specific transition (3384 cm -1 in this case) and the wavelength of the pump laser is scanned. When the pump laser is resonant with a transition belonging to the same structure as the probed transition, the depletion of Na + (glucose)(D 2 ) in the trap causes a dip in the monitored photofragment signal. The resulting dipspectrum, shown in Figure 2b , directly yields the IR transitions of the structure(s) giving rise to the probed transition. The dipspectrum is very sensitive to shot-to-shot fluctuations in the overall ion signal and thus yields poorer signal-to-noise ratio (s/n), as exemplified by Figure 2b . This normalized 15-scan averaged IR-IR ion-dip spectrum has a s/n of 26 using the 3420-3510 cm -1 region as the baseline. The one-laser spectrum, shown in Figure 2a , has a s/n of 74, approximately three times better than the ion-dip spectrum.
The second IR-IR method uses an isomer-burning scheme. In this method, the pump laser is fixed to a specific IR transition (3384 cm -1 in this case), removing the structure(s) that has this particular transition from the Na + (glucose)(D 2 ) population in the trap. The probe laser is then scanned, utilized in essentially the same manner as the conventional single laser IR predissociation experiment. The resulting 15-scan averaged spectrum is shown in Figure 2c . The complete disappearance of the~3380 cm -1 feature confirms that nearly 100% of the Na + (glucose)(D 2 ) structures possessing this feature have been depleted. This uniform depletion efficiency is due to the tight confinement of the translationally cooled ions inside the Paul trap, which provides a very favorable spatial overlap with the focused pump laser beam. The main advantage of the isomerburning method is its Bbackground-free^nature that leads to higher s/n spectra compared to the ion-dip method. For example, the spectrum in Figure 2c has a s/n of 70, comparable to the one-laser spectrum shown in Figure 2a . However, the resulting spectrum contains all other structures not possessing the~3380 cm -1 vibration, and is not particularly useful in the present case where numerous conformations are present. The subtraction of spectrum 2c from 2a, shown in Figure 2d , reveals the spectrum of the structure(s) that was depleted, i.e., possessing the~3380 cm -1 vibration. Comparison of Figure 2b and d shows that the two methods yield comparable spectra with similar s/n of 26 and 30, respectively. The main drawback of the isomer-burning method is that the subtraction requires a good reference spectrum. This can be difficult to obtain if some experimental fluctuations are present. For the current Na + (glucose) experiments, where conformational populations are difficult to reproduce exactly day-to-day, we utilized the ion-dip method. Nevertheless, in simpler cases with fewer isomers, or for quick population assessment, the isomer-burning scheme presents some definite advantages. 
Computational Details
Analysis of the experimental spectra was assisted by DFT and MP2 calculations carried out using Gaussian 09 [39] . Based on previous computational studies [9, 10] and chemical intuition, a series of initial geometries with Na + located around glucose were optimized at the cam-B3LYP/3-21+G level. These~110 geometries resulted in~60 unique structures, which were further optimized at the cam-B3LYP/6-311+G(d,p) level. The 9 and 10 lowest energy structures for the α and β anomers, respectively, were further optimized using several methods and basis sets. Their structures and harmonic IR spectra are shown in Supplementary Figures S1 and S2 and their relative energetics are summarized in Supplementary Table S1 in the Supporting Information. These results are generally in agreement with each other and to previous studies [9, 10] . Note that the naming scheme used here relates to the binding site of Na Calculations on selected structures showed that the D 2 tag preferentially binds to the charged Na + site and causes negligible perturbation to the glucose vibrations (see Supplementary Figure S3 ). Therefore, we used the calculated spectra of the bare Na + (glucose) complexes for our analysis. We chose the harmonic frequencies calculated at the cam-B3LYP/def2-TZVP level for comparison with the experimental spectra based on their generally better agreement with a selected subset of conformers (Supplementary Table S2 ). These harmonic frequencies are scaled by 0.953 and the spectra are Gaussian convoluted with the Gaussian area corresponding to the calculated intensity. All vibrations are convoluted with a 7 cm 
Results
The one-laser IR predissociation spectrum of Na + (glucose)(D 2 ) in the 3250-3750 cm -1 OH stretching region is shown in the top panel of Figure 3 . The glucose molecule has five individual OH stretching vibrations, but there are more than 12 fully and partially resolved features present here. This clearly indicates the presence of multiple structures with varying degrees of intramolecular Hbonding. A free OH group, i.e., one that is not donating an Hbond, would have a stretch frequency around 3680 cm . For example, methanol has an OH stretch of 3681 cm -1 [40] . A donor H-bond interaction redshifts the frequency to an extent that is roughly proportional to the square of the strength of that H-bond interaction [35] [36] [37] . Therefore, the redshifted OH stretch is quite sensitive to the exact nature of the intramolecular H-bonding, and by extension, the overall glucose conformation.
Using the ion-dip method described above, we selectively acquired the IR-IR spectra associated with features at 3384 cm , as shown in Figure 3a -j, respectively. Cursory inspection of the calculated spectra in Supplementary Figures S1 and S2 indicates that many conformations have vibrations above 3635 cm -1 , representing the free or very weakly H-bonded OH groups. The IR-IR spectra, all showing similar features in this region, further support this. Hence, the higher frequency features were not probed.
The 10 IR-IR spectra have distinctive appearances, but many show more than five OH stretch features, implying the presence of more than one structure. For example, the IR-IR spectrum associated with feature A displays seven peaks at 3380, 3573, 3583, 3595, 3641, 3653, and 3683 cm -1 , indicating that at least two structures contribute to the intensity at 3380 . This is supported by comparing the IR-IR spectra associated with features F and G. Both of these spectra contain the 3380 cm -1 peak, but the other four major peaks all have different frequencies. Therefore, the five most intense peaks in spectrum f and spectrum g likely represent the signatures of the two structures contributing to spectrum a. Unfortunately, spectrum f and spectrum g each has a series of weaker features due to minor contributions from other structures that have absorption at 3585 or 3596 cm -1 . This demonstrates a situation where a single IR-IR spectrum is insufficient to obtain conformer specific information. Note that due to the intrinsic widths (>7 cm ) associated with the experimental features, the vibrational frequencies of two different structures do not have to be perfectly overlapping for both to contribute to an IR-IR spectrum.
The following section details the processing of the IR-IR spectra to extract conformer specific spectra, the results of which are displayed in Figure 4 together with the corresponding calculated spectra. The structures of the assigned conformers are shown in Figure 5 and specific peak assignments are summarized in Table 1 .
We begin with the two simplest IR-IR spectra that can readily be assigned to a single conformation. Spectrum h is assigned to β1356a. This β-conformer has Na + binding to O(1), O(3), O(5), and O(6), with the pyranose ring in a boat conformation. It has a single intramolecular H-bond, which leads to O(4)-H having a stretch frequency at 3606 cm -1 . All the other OH groups are free and contribute to the broad feature centered at~3670 cm -1 . Similarly, spectrum i can be assigned to the β156b conformer, in which the Na + is binding to O(1), O(5), and O(6). The experimental 3625 cm -1 feature is assigned to the stretch of O(1)-H, which has a weak H-bond donation to O(2), exhibiting a slight redshift.
Next, we consider subtractions of two IR-IR spectra to yield a conformer-specific spectrum. Feature F in the one-laser spectrum is a partially resolved shoulder on the more intense feature E, and the probe laser frequency for spectrum f is only 13 cm -1 away from that for spectrum e. Therefore, a scaled spectrum e (see Supplementary Figure S5 ) was subtracted from spectrum f to remove the minor features. The resulting spectrum agrees well with the calculated spectrum of conformer β34a. The redshifted 3379 cm -1 feature is assigned to the stretch of O(4)-H, which has a relatively strong H-bond with O(6). The strength of this H-bond is likely enhanced by the coordination of Na + to O(4), resulting in this~300 cm -1 redshifted stretch. Spectrum c shows similar minor contributions from secondary structures. Again we see the weaker feature C is near the more strongly absorbing feature D. The probe laser frequency for spectrum c is only 10 cm -1 from that of spectrum d. Subtraction (Supplementary Figure S4) of a scaled spectrum d from spectrum c yielded a spectrum that is in good agreement with the calculated spectrum of α23a. The experimental 3533 cm -1 feature is assigned to the stretch of O(4)-H, H-bonded to O (6) . The H-bond here is weaker compared to β34a because Na + is not directly interacting with O(4).
Next we utilize the spectra of conformers isolated thus far. As discussed above, at least two structures give rise to feature A, one being conformer β34a, which has already been identified. Subtraction of the β34a spectrum from spectrum a yields an experimental spectrum that agrees very well with the calculated spectrum for α34a. The spectra of α34a and β34a show that both structures indeed have a~3380 cm -1 vibrational mode. Similar subtraction of the α23a spectrum from spectrum b yielded an experimental spectrum that agrees well with the calculated spectrum for β23a. The spectra of α23a and β23a show that both conformers have a vibrational mode near the 3534 cm -1 probe frequency. The remaining structures require a more complex subtraction process. Spectrum d is an IR-IR spectrum with the probe laser fixed on the low frequency side of Figure 4 . Experimental (black) and calculated (red) spectra corresponding to individual conformations. The calculated geometries and energies are shown in Figure 5 . The derivations of the experimental spectra from the IR-IR spectra from Figure 3 are noted feature E. Nonetheless, spectrum d is quite distinctive from spectrum e, and exhibits the dominant presence of one conformation. Subtraction of spectrum e from d yields a spectrum with minor contributions that can be traced to β23a, the presence of which is expected due to its vibration at 3571 cm -1 . The result obtained by subtracting scaled spectra e and β23a from spectrum d is in good agreement with the calculated spectrum of α156a. Finally, spectrum j was acquired with the probe laser fixed at 3635 cm -1 . Both β34a and α156a conformers have some intensity at that frequency and subtraction of scaled spectra of these two conformers from spectrum j results in a spectrum in good agreement with the calculated spectrum of β156a. This conformer is similar to β156b, differing mainly in the location of Na + relative to the pyranose ring. Figure 5 . Calculated, at cam-B3LYP/def2TZVP with unscaled ZPE correction, structures and relative energies of Na + (glucose) conformations relating to Figure 4 . The relative energy of MP2 optimized geometries is included in parentheses. The energy of β34a is 5.1 (6.3) kJ/mol higher than α34a. See Supplementary Table S1 for additional calculation results Table 1 . Assignment of experimental OH stretch features from Figure 4 . The experimental frequencies are listed in cm 
Discussion
The analysis outlined above allowed us to identify and isolate the spectral signatures of eight distinct conformations of Na + (glucose) contributing to the one-laser spectrum. Figure 6 shows a fit of the one-laser spectrum using the individual conformer-specific spectra displayed in Figure 4 . We can see that all experimental features are well accounted for, and no conformer with significant contribution is missing.
The observed three α-anomers and five β-anomers ( Figure 5 ) are among the lowest energy structures found in the calculations and are all within~10 kJ/mol of the lowest energy conformer for each anomer. However, there are some low-energy conformers that are not observed experimentally here (see Supplementary Table S1 ). For example, α34b is calculated to be 8.3 kJ/mol above α34a, and has the same Na + binding motif, differing mostly in the rotation of the O(2)H group (see Supplementary Figure S1 ). The barrier for isomerization to α34a involves a rotation of O(2)H that breaks the relatively weak H-bond to O(1). Therefore, α34b is not likely to survive the collisional cooling inside the cryogenic trap. Similarly, β1356b differs from β1356a by the orientation of the O(2)H and O(4)H groups, and is calculated to be 4.1 kJ/ mol higher in energy. Again, isomerization, involving rotation of these OH groups, is likely relatively easy and we do not observe any significant contribution from β1356b in the experimental spectrum. In general, the experimentally observed conformers correspond to the lowest energy structure for a distinct anomer-specific Na + binding motif. Conversion between these conformers would require breaking at least one Na + -O interaction (~100 kJ/mol at the cam-B3LYP/def2-tzvp level of theory), which is unlikely. The one exception here is β156b, which differs from β156a mainly in the location of Na + relative to O(5) and associated rotations of O(6)H and O(1)H, and the barrier between these two conformations would not break any Na + -O interactions. The presence of β156b can be explained by its energy, which is calculated to be only 2 kJ/mol higher than β156a at cam-B3LYP/def2TZVP and equal in energy at MP2/def2TZVP levels (see Supplementary  Table S1 ). Therefore, both conformations are expected to be present under the experimental conditions.
Due to the large barrier associated with the α-β mutarotation in the gas phase, we expect the α:β ratio to be close to the solution phase ratio of 36:64. However, the gas phase relative stabilities of these structures likely differ, and the more fragile conformers might be preferentially lost during transport or cooling. Moreover, because the absolute IR absorption crosssection cannot be readily determined experimentally, it is difficult to provide an exact experimental value of the relative population of each structure. One possible approach is to use laser-induced population transfer to determine the relative fractional population [41, 42] , but the large number of conformers present in this situation, as well as their overlapping spectral features, make its application extremely complicated. Therefore, we approximate the relative populations in the one-laser IR spectrum in Figure 3 using calculated IR intensities. The fit shown in Figure 6 provides an estimate of relative contributions from the eight conformer-specific spectra. Individual conformer contributions are obtained by using fitted peak areas and scaling them by their calculated IR intensities. This provides five estimates of population for each conformation, one from each OH stretch, allowing us to obtain an averaged value and associated standard deviation. See Supplementary Table S3 for further details. This analysis gave a relative abundance of α34a (15 ± 3%), α156a (21 ± 5%), α23a (6 ± 1%), β34a (13 ± 2%), β1356a (20 ± 9%), β156a (6 ± 0.3%), β23a (8 ± 2%), and β156b (11 ± 1%). Summing these relative abundance values, the one-laser spectrum in Figure 3 has an experimental α:β ratio of 42±9:58±13. The solution phase anomeric ratio is within the error bars, which indicates that the transfer to the gas phase may be indifferent to anomeric forms, despite their differences in gas-phase energetics. Note that while the observed conformations are among the lowest energy structures in the gas phase, their observed relative abundances are not reflective of their calculated gas-phase stabilities. Even without α/β isomerization in the gas phase, a Boltzmann distribution based on the calculated Gibb's free energy at 298 K would heavily favor α34a and β34a structures as shown in Supplementary Table S4 . Moreover, the presence of these eight structures is in general agreement with their relative calculated energies in solution [10] (see Supplementary Table S4 ), where they have smaller energy differences. This points to the experimental observation, to some degree, of kinetically trapped conformations derived from solution structures, although the preservation of these structures may be somewhat dependent on their gas-phase stabilities.
Lastly, we note that the OH stretch frequencies are indeed quite indicative of the local H-bonding environment. For example, in the present structures, O(6)H is either accepting an Hbond or coordinating with Na + , with the hydrogen pointing away from the molecule. Correspondingly, the O(6)H stretch frequency is near the free OH stretch frequency in all conformers. In another example, comparing α34a and β34a, as well as α23a and β23a, we can see that the difference lies mainly in the stereocenter at C(1). In both pairs, the α-anomers exhibit a lower frequency for the O(2)H stretch, relating to the shorter O(2)H···O(1) induced by the axial position of the O(1)H group. The difference between α34a and β34a is 0.33 Å (2.258 Å versus 2.584 Å), resulting in a 45 cm -1 shift, while the difference between α23a and β23a is 0.22 Å (2.100 Å versus 2.320 Å), resulting in a 43 cm -1 shift. The relative shift is larger in the latter pair, likely due to Na + interaction with O(2). Figure 7 summarizes the consistent redshift behaviors of the OH stretch, where the experimental frequencies exhibit an exponential dependence [43, 44] on the OH···O distance, relating to the strength of the H-bond. Coordination with Na + induces a further redshift, such that the H-bond is stronger at any given OH···O distance, and the asymptotic OH stretch frequency is 3677 cm -1 with Na + and 3686 cm -1 without. This well behaved in-situ probe can be a valuable tool to enable fast structural assignments in other similarly sodiated carbohydrate complexes.
Conclusion
We have used a two-laser IR-IR double resonance approach to probe structurally complex Na + (glucose) adducts. The current setup requires minimal modification to a typical cryogenic ion vibrational predissociation spectrometer, and the double resonance experiments can be carried out via either ion-dip or isomer-burning methods. The ion-dip study of the Na + (glucose) complex revealed the presence of eight conformations in the one-laser IR predissociation spectrum. Calculations reveal that these three α-anomers and five β-anomers are among the lowest energy geometries with distinctive Na + binding sites. The difference in the C(1) stereocenter leads to more diversity in β-anomer conformations, but the general structures of these complexes are quite similar between the α-and β-anomers. Furthermore, the overall ratio between the two anomers is similar to the solution phase value, with β-anomers having a higher presence despite their higher gasphase energies. The results also reveal that collisional cooling removes conformations that are connected by lower barriers, i.e., those involving relatively weak intramolecular H-bond, while higher barriers allow high-energy structures to be preserved. Comparisons between experimental spectra and calculated geometries show the experimental OH stretch frequencies can directly provide structural information relating to intramolecular H-bonding. Lastly, in applications to larger polysaccharide systems, the increased structural diversity and metal ion binding sites can potentially lead to an increased number of conformations. However, the number of observed kinetically trapped structures is ultimately determined by the size of the barriers connecting them. To obtain conformer-specific information for more complex species, it is likely necessary to extend our approach to include the fingerprint region (600-1500 cm -1 ). Ultimately, one would want to collect a full 2D correlated IR map and use covariance analysis to tackle systems with large numbers of conformations. 
